administered as two injections/week; however, dosing regimens need to be adjusted to the bleeding phenotype, and there are patients who require more intensive regimens. 3 Furthermore, conventional prophylaxis is limited by the burden of multiple injections per week. Frequent injections are an obstacle to adherence in adolescents and adults and may be especially challenging in young children in whom venous access can be difficult. 2, [9] [10] [11] [12] While patients rarely bleed with FIX activity trough levels .1% of normal (0.01 of 1 IU/mL), some patients continue to experience bleeds with troughs .0.03 IU/mL, 6 and patients with joint damage may require even higher FIX activity trough levels to prevent bleeding. 13 In addition, a recent study by the US Centers for Disease Control and Prevention of male patients with mild and moderate hemophilia A or B, treated on-demand, reported that the target activity levels of 0.15 IU/mL are unlikely to prevent all joint bleeds.
14 This highlights the need for replacement therapies that can provide higher factor levels, in a more mild range (0.05-0.40 IU/mL), which are not achieved with current standard FIX products.
To address many of these issues, several extended halflife (EHL) products have been developed for the treatment of hemophilia B. These EHL products require less frequent dosing than conventional FIX concentrates and, therefore, are attractive to both physicians and patients. Current data indicate that EHL FIX products will enable adequate FIX trough levels to be maintained with considerably fewer infusions per year. 4, 15 Various technologies have been utilized to extend the half-life of coagulation factors. 2, 16, 17 This review provides an overview of the development of an EHL product that incorporates a polyethylene glycol (PEG) molecule to improve the clinical profile of standard FIX for the treatment of patients with hemophilia B. 
Development of glycoPEGylated rFIX, a long-acting molecule for hemophilia B
Nonacog beta pegol (N9-GP, Novo Nordisk A/S, Bagsvaerd, Denmark) is a recombinant, FIX protein produced by the site-specific covalent attachment of a 40 kDa PEG moiety to prolong the half-life of conventional FIX ( Figure 1 ). 2 Upon activation of FIX at the site of injury, the activation peptide and the attached PEG molecule are cleaved off to yield native activated FIX. The rFIX protein backbone of nonacog beta pegol is identical in amino acid structure to currently available rFIX products and is expressed by Chinese hamster ovary cells under serum-free conditions to maximize consistency, homogeneity, and production capacity. 18 Preclinical studies in normal rats revealed that nonacog beta pegol is excreted via both the kidneys and liver, 19 and other animal studies have reported no adverse laboratory findings of known clinical relevance. 20 Whether an observed presence of the PEG moiety in the choroid plexus in animal models has any long-term clinical impact is not yet known, but no adverse clinical, behavioral, or histopathological effects have been observed to date. 21 The pharmacokinetics (PK), efficacy, and safety of nonacog beta pegol in previously treated adults, adolescents, and children have been assessed in the paradigm 1, 2, 3, 4, and 5 clinical trials ( Figure 2 and Table 1 ). Each trial enrolled previously treated patients (PTPs) with hemophilia B (FIX #0.02 IU/mL), $50 exposure days ($150 for adolescents and adults) to any FIX product, and no history of inhibitors ($0.6 Bethesda units).
The paradigm 1, 2, 3, 4, 5, and 6 clinical trials are explained as follows: 1) paradigm 1 was the first-in-human dose, Phase I trial in patients with hemophilia B and investigated the safety and PK properties of a single intravenous (IV) dose of nonacog beta pegol (either 25, 50, or 100 U/kg). 18 2) paradigm 2 was a pivotal Phase III trial that assessed the safety, efficacy, and PK of nonacog beta pegol in PTPs aged 13-70 years with hemophilia B.
22
Figure 1 Domain structure of nonacog beta pegol. Notes: Two N-linked glycans are uniformly present at Asn157 and Asn167 in the rFiX AP domain. These are predominantly core-fucosylated tri-and tetra-antennary complex structures composed of fucose (), N-acetylglucosamine (), mannose (), galactose (), and sialic acid (). Arrows indicate the enzymatic transfer of 40k-PeG-sialic acid to desialylated nonacog beta pegol and sialylation of remaining exposed galactoses. PeG is unequally distributed between the two N-linked glycans, as shown in parentheses (55% and 45%, respectively 
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GlycoPeGylated rFiX for hemophilia B in context 3) paradigm 3 investigated the safety and perioperative efficacy of 80 IU/kg nonacog beta pegol in PTPs (13-70 years, n=13) with hemophilia B, who were scheduled to undergo major surgical procedures. 23 4) paradigm 4 was an international extension trial investigating the safety and efficacy of nonacog beta pegol in patients who had previously participated in the paradigm 2 or paradigm 3 trials. 24 5) paradigm 5 investigated the safety, efficacy, and PK of nonacog beta pegol for prophylaxis and treatment of bleeds in 25 young PTPs (#12 years) with hemophilia B. 25 6) An ongoing Phase III trial, paradigm 6, is currently investigating the safety and efficacy of nonacog beta pegol in previously untreated patients.
26
Clinical pharmacology of glycoPEGylated rFIX FIX activity levels and PK were monitored throughout the paradigm clinical trial program; the findings have helped to establish the novel clinical characteristics of nonacog beta pegol and provide a basis for its potential use in multiple treatment modalities.
In the first-in-human dose trial, paradigm 1, the singledose PK of nonacog beta pegol showed a half-life of 93 hours, five times that of patients' previous product (either rFIX or pdFIX), offering the possibility of once-weekly prophylaxis ( Figure 3) . 18 Incremental recovery was 94% higher than rFIX and 20% higher than pdFIX. Nonacog beta pegol also produced an increased area under the plasma concentration-time curve (AUC) relative to standard rFIX and pdFIX products. Furthermore, in the surgical trial, paradigm 3, FIX activity was maintained .1 IU/mL for at least 24 hours following a single preoperative bolus injection, and none of the 13 patients required additional doses on the day of surgery. 23 Prophylaxis with EHL products, such as nonacog beta pegol, offers fewer infusions and the prospect of increased trough levels. Time spent ,0.01 IU/mL trough has been shown to be proportional to the incidence of breakthrough bleeds (bleeding occurring between prophylactic factor infusions) in hemophilia A. 27 In the pivotal Phase III trial (paradigm 2), nonacog beta pegol administered once weekly maintained FIX activity significantly .0.01 IU/mL, and the estimated mean FIX trough levels during the trial were 0.085 IU/mL for the 10 IU/kg arm and 0.273 IU/mL for the 40 IU/kg arm ( Figure 4A ). 22 In the pediatric trial (paradigm 5), the estimated mean steady-state FIX trough levels were 0.153 IU/mL in patients aged 0-6 years and 0.190 IU/mL in those aged 7-12 years ( Figure 4B ). Steady-state trough levels were achieved after ~4 weeks of treatment. 25 These findings show that patients receiving once-weekly prophylaxis with nonacog beta pegol remain in the mild hemophilia range (0.05-0.40 IU/mL) for most of the time.
A recent PK analysis by Tiede et al 28 assessed patients who had received nonacog beta pegol 40 IU/kg while enrolled in paradigm 2 and paradigm 5. After single-dose administration, half-life was 85.1 hours in adults and adolescents vs 69.6 and 76.3 hours in children aged 0-6 and 7-12 years, respectively ( Table 2) . Incremental recovery for single-dose PK was lower for children of all ages vs adults and adolescents, whereas clearance per kilogram of body weight was higher. In adults and adolescents at steady state, the half-life 
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Santagostino and Mancuso of nonacog beta pegol was 111 hours; trough FIX activity was 0.31 IU/mL at 168 hours post dose (ie, prior to receiving the next dose) with once-weekly nonacog beta pegol 40 IU/kg. There were no apparent differences in single-dose PK parameters across race groups for all ages or between normal-weight (body mass index [BMI]: 18.5-24.9 kg/m 2 ; n=5) and overweight (BMI: $25 kg/m 2 ; n=4) adults and adolescents. As expected, children exhibited lower plasma The planned number of patients to be exposed is 50
Notes:
a Treatment with nonacog beta pegol unless specified otherwise. Additional doses for the treatment of bleeds could be given at the investigator's discretion. b All patients had hemophilia B with an FiX activity of #0.02 iU/mL. c Patients on prophylaxis did not know whether they were randomized to the 10 iU/kg or the 40 iU/kg once-weekly arm. This information was also concealed from the investigator; however, as the investigator was able to measure FiX activity levels during the trial, they could potentially become unblinded. Abbreviations: FiX, factor iX; PK, pharmacokinetics.
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Even so, all measured FIX activity levels were higher than data generated for standard FIX products. The monoexponential decay in plasma FIX activity (which differs from other long-acting products) 8 favorably supports onceweekly administration of nonacog beta pegol in patients with hemophilia B. 28 These findings suggest that nonacog beta pegol, as an EHL FIX product, offers a significant pharmacologic improvement over standard factor replacement.
Clinical efficacy of glycoPEGylated rFIX
In addition to ongoing pharmacologic assessment, the clinical efficacy of nonacog beta pegol was explored in paradigm 2, paradigm 3, paradigm 4 (Phase IIIb, extension of paradigm 2 and paradigm 3), and paradigm 5 ( Table 1) .
Prophylaxis
The prophylactic efficacy of nonacog beta pegol was primarily established in paradigm 2 in PTPs aged 13- (Table 3) .
Patients who had participated in and completed either the paradigm 2 or paradigm 3 trials were eligible for enrollment in paradigm 4. 24 This was an open-label, nonrandomized, multicenter trial, which initially allocated patients to one of three nonacog beta pegol treatment arms according to the original protocol ( Table 1) . Choice of treatment regimen was agreed between the patient and investigator at the start of the trial, but could be changed at any time due to clinical manifestations and investigator recommendations.
Sixteen patients had moved from on-demand treatment or 10 IU/kg prophylaxis over to the 40 IU/kg prophylaxis arm, meaning that the number of patients in the 40 IU/kg arm of paradigm 4 was almost double that of paradigm 2. While paradigm 4 primarily focused on safety, the observed efficacy findings were consistent with those observed in paradigm 2 (Table 3) . Median ABR for patients in the 40 IU/kg prophylaxis arm was maintained at 1.0, while that for the 10 IU/kg prophylaxis treatment arm had reduced further to 1.4 (mean [95% CI]: 1.84 [1.00, 3.38]) given that the remaining patients in that arm appeared to be low bleeders.
In addition, post hoc analyses of patients with target joints ($3 spontaneous bleeds in a given joint within the previous 6 months) at baseline in paradigm 2 and paradigm 4 demonstrated that once-weekly prophylaxis with nonacog beta pegol 40 IU/kg may provide effective management of target joint bleeds. 29 Overall, 49% of the patients enrolled in paradigm 4 had target joints at baseline and 63% had arthropathy (Table 1) , which may have contributed to the overall number of bleeds. By the end of paradigm 2, 90% of the target joints had resolved among patients receiving this regimen; this increased to 100% after an additional year of treatment in paradigm 4.
The efficacy of nonacog beta pegol in children with hemophilia B was investigated in paradigm 5, which enrolled 25 pediatric PTPs (#12 years). 25 Patients were stratified into two age groups (0-6 and 7-12 years) and received onceweekly prophylaxis with nonacog beta pegol 40 IU/kg for (Table 3) .
A total of 22 patients entered the subsequent extension phase of paradigm 5: 11 patients aged 0-6 years and 11 aged 7-12 years. 30 By the planned interim analysis cut off date of January 1, 2016, in-trial exposure days had totaled 3,412 (136.5 per patient), and the mean treatment period per patient was 2.55 years. Overall, 69 bleeds were reported in 19 patients, of which 37 bleeds occurred in 15 patients during the main phase (mean treatment period: 0.97 years/patient), and 32 bleeds occurred in 11 patients during the extension phase (1.80 years/patient). Most bleeds (36 [60.0%]) occurred .4 days after the last nonacog beta pegol dose, and 24 (40.0%) of these bleeds were traumatic. The estimated mean ABR was 1.08 overall, 0.61 in patients aged 0-6 years, and 1.48 in those aged 7-12 years. 30 Estimated mean ABRs progressively decreased in each successive 6-month period during the trial.
Treatment of bleeds
The episodic administration of nonacog beta pegol, whether for patients in a designated on-demand treatment arm or as breakthrough bleed treatment for patients on prophylaxis, was also investigated throughout the paradigm clinical trial program.
A total of 345 bleeding episodes (in 55 [74%] patients) were treated with nonacog beta pegol in paradigm 2 (202 in prophylaxis patients and 143 in patients receiving ondemand treatment); median ABR for patients in the ondemand treatment arm was 15.6. 22 Approximately two thirds (65.8%) of all bleeds were spontaneous, and the majority of bleeds were in joints (78.5%). The overall success rate for the treatment of bleeds was 92% (responses defined as either "excellent" or "good"; ie, [abrupt/noticeable] pain relief and/or [clear] improvement in [objective] signs of bleeding within 8 hours after a single injection). Only one severe bleeding episode was reported (in the knee joint of a patient receiving 10 IU/kg prophylaxis); following ondemand treatment with nonacog beta pegol 80 IU/kg, the hemostatic response was rated as "excellent". By the end of paradigm 4, the overall success rate for the treatment of bleeds (including breakthrough bleeds) had increased to 94.6%. 24 In paradigm 5, bleeds were treated with an overall success rate of 92.9%, 25 which has remained stable during the extension phase of the trial (92.8%). 30 There was no on-demand treatment arm in paradigm 5. 
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Surgery
The use of nonacog beta pegol in the surgical setting was evaluated in paradigm 3, which investigated the perioperative efficacy of nonacog beta pegol 80 IU/kg in PTPs (13-70 years, n=13) with hemophilia B, who were scheduled to undergo major surgical procedures. 23 Of the 13 patients, nine had major orthopedic surgery and four had major nonorthopedic surgery.
Nonacog beta pegol treatment resulted in 100% hemostatic success rate in all patients during major surgeries. The hemostatic effect of nonacog beta pegol was rated as "excellent" in 10 (76.9%) and "good" in three (23.1%) of the surgeries. A single preoperative dose of nonacog beta pegol 80 IU/kg maintained FIX activity at the requisite level throughout the surgery with no additional doses required. Postoperatively, a median of two additional doses of 40 IU/kg were required during the first week, while a median of 1.5 additional doses were administered the following week.
The risk of surgery-related bleeding has been reduced by standard FIX products, but comparisons with nonacog beta pegol or EHL products in the perioperative setting are limited by the relative scarcity of literature on bleeding risks in patients with hemophilia B. [31] [32] [33] [34] Moreover, there is great variability in defining bleeding risk and a lack of robust evidence on surgical outcomes. 34 Nevertheless, perioperative use of nonacog beta pegol requires lower consumption and fewer injections than that reported for standard FIX products.
23
Safety and tolerability in the clinical use of glycoPEGylated rFIX
Across all trials in the paradigm clinical trial program, 115 male patients (including 25 children aged 1-12 years) were exposed to nonacog beta pegol. 35 Total exposure time was 205 years, and the longest trial participation was 3.75 years. No patients developed FIX inhibitors ($0.6 Bethesda units) or reported thromboembolic events.
In total, 824 adverse events (AEs) were reported, the majority of which were mild in severity. Following evaluation of all AEs, hypersensitivity, pruritus, and injection site reactions were considered AEs possibly related to nonacog beta pegol, reported in one, three, and four patients, respectively. 35 One fatality was recorded (hepatocellular carcinoma), but judged unlikely to be related to nonacog beta pegol.
Fourteen serious AEs occurred in 12 patients; all except one were judged unlikely to be related to nonacog beta pegol. 35 The event judged as probably related to nonacog beta pegol was a severe hypersensitivity/allergic reaction in which the patient was subsequently treated with antihistamine and IV steroids. 18 The patient fully recovered and went on to receive his previous pdFIX without any signs of inhibitor development or complications before he was withdrawn from the trial. Other serious AEs, judged unlikely to be related to nonacog beta pegol, included hip fracture, skin ulcer, retroperitoneal hematoma, abdominal pain, food poisoning, and viral upper respiratory tract infection.
Long-term exposure to the PEG moiety, relating to antibody production, accumulation, and long-term toxicity, especially in children, is a matter of discussion among some clinicians. In nonclinical studies, higher exposure to other PEGylated biologics has been shown to result in PEG accumulation and vacuolation in renal cells, neurons, and the choroid plexus, but there is no evidence of any cellular damage or dysfunction. 36 These observations are thought to be largely dependent on specific conditions such as species, PEG moiety size, duration of exposure, and the dose. In children, it is recommended that the risk of vacuolation and accumulation is assessed for PEG sizes .40 kDa; given that the PEG moiety in nonacog beta pegol is 40 kDa, the risk may be lower. 37 Blood samples were collected across the paradigm clinical trials to assess anti-nonacog beta pegol antibodies and anti-FIX antibodies and (in paradigm 5) to indirectly screen for anti-PEG antibodies. No patients developed binding antibodies against nonacog beta pegol, FIX, or PEG, except for two patients in paradigm 4 who developed transient binding antibodies to nonacog beta pegol; however, these were of the lowest possible titer and did not crossreact to rFIX. Furthermore, the PK profiles obtained for these two patients did not indicate any inhibitory effects.
Overall, no AEs related to the PEG moiety have been observed in clinical or nonclinical studies of nonacog beta pegol. 21, 35, 38 Moreover, no systematic changes over time were seen for any hematologic, hepatic, or renal parameters. While neurological function was not specifically assessed in the paradigm clinical program, there were no new safety signals indicative of neurologic adverse reactions or anything indirectly suggesting developmental concerns in pediatric patients exposed to nonacog beta pegol. Long-term postmarketing data in humans with nonacog beta pegol may help to alleviate these concerns further.
Patient-focused perspectives
The paradigm clinical program also assessed the impact of nonacog beta pegol once-weekly prophylaxis on patientreported outcomes. 
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In paradigm 2, health-related QoL (HRQoL) was assessed using the EuroQoL-5 dimensions visual analog scale (EQ-5D VAS) score. 22 In the 40 IU/kg prophylaxis group, HRQoL assessed by EQ-5D VAS was markedly improved from a median score of 75 (range: 35-100) at trial entry to 90 (range: 60-100) at the end of the trial. By the end of the trial, fewer patients reported problems in the "Mobility" and "Pain/ Discomfort" EQ-5D domains. 39 These findings remained stable during the extension trial, paradigm 4. 39 Hemophilia-specific HRQoL was also assessed in the paradigm 2 and paradigm 4 trials, using the hemophilia adults QoL (HAEM-A-QOL) questionnaire. 39 In paradigm 2, the prophylaxis 40 IU/kg arm reported significant improvements for total HAEM-A-QOL score (-6.4±8.5, P=0.017) and three key domain scores: "Feeling" (-15.2±18.3; P=0.010), "Sport" (-15.3±19.0; P=0.020), and "Partnership" (-9.6±15.5; P=0.031). In paradigm 4, patients receiving prophylaxis with nonacog beta pegol 10 IU/kg, who switched to the 40 IU/kg regimen, showed significant improvements in total HAEM-A-QOL score (-12.5±8.7; P=0.016) and the "Physical Health" domain (-23.1±14.4; P=0.016).
Conclusion, place in therapy
Nonacog beta pegol, a novel EHL product, represents a significant advance in the management of hemophilia B, potentially easing the burden of treatment for patients of all ages and providing an effective option across several treatment modalities and settings.
The paradigm clinical trial development program has demonstrated that once-weekly prophylactic treatment of PTPs with nonacog beta pegol 40 IU/kg results in a low bleed rate (effective prophylactic coverage with median ABR of 1.0 across all ages), 22, 24, 25 improved joint status (90% of target joints no longer classified as target joints), 29 and HRQoL, including overall HAEM-A-QOL score and key domain scores ("Feeling", "Sport", and "Partnership"). 39 The efficacy of nonacog beta pegol is high while offering a more convenient infusion interval than conventional FIX therapy. 22 Nonacog beta pegol is also safe and effective in the perioperative setting, with reduced factor consumption and injection frequency compared with that of standard FIX products. 23 However, patient/clinician choice of treatment, especially when switching products, is driven by a multitude of factors, including cost, tolerability, novel therapies, administration means, logistic considerations, familiarity, and a patient's lifestyle and degree of physical activity. 40 Once-weekly dosing will likely be sufficient for the vast majority of patients, and molecules with sustained activity may offer prompt relief of pain and rescue of joint function, resulting in improved hemostatic efficacy and reduced arthropathy. 41 Patients who experience frequent bleeds or who lead active lifestyles may require EHL products that provide higher factor trough and peak levels. 42 Conversely, given that clinical trials of nonacog beta pegol included patients with moderate hemophilia (#0.02 IU/mL FIX activity), for whom there is limited evidence on disease management, EHL products may be beneficial for a subset of moderate patients who also need to maintain high trough levels. Nonetheless, it remains to be seen whether EHL products are able to meet the wider need for an easy-to-use treatment that optimizes adherence and compliance in a real-world setting.
Economic considerations will also be important in the uptake and adoption of EHL products by payers and other reimbursement bodies. Evaluating the full spectrum of the benefits of EHL over standard FIX products in relation to their costs will be vital.
Moreover, in future, the role of EHL factor replacement therapies will need to be reassessed as novel treatment strategies, which are currently in development, become available, such as gene therapy, anti-tissue factor pathway inhibitor antibodies, and RNA interference therapy. [43] [44] [45] [46] A pertinent question, however, will be the relevance of these new modalities to hemophilia B treatment in light of the efficacy of FIX EHL products. Ultimately, when devising therapeutic regimens, physicians will need to balance different patient requirements, the number of infusions, factor trough levels, and the cost of therapy, as well as patient expectations.
